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Abstract. The dependence of surface structure formation on preparation conditions of
NiAl(100) has been investigated by Scanning Tunnelling Microscopy (STM), Low Energy
Electron Diffraction (LEED) and Density Functional Theory (DFT). STM and LEED have
been used to study the surface after sputtering, low temperature annealing (T<500K) and high
temperature annealing (500K<T<1000K). A (1×1) phase is observed both after sputtering and
low T annealing, with STM images indicating the formation of row structures - the density
of which appears dependent on annealing time. A c(
√
2 × 3√2)R45◦ regime is detected upon
higher T annealing - forming two, orthogonal, row-based domains. STM simulation produced
using DFT explains the origin of one of the domains - a defect based structure with a dominant
Ni density of states contribution.
1. Introduction
Nickel-Aluminium (NiAl) is a periodic CsCl-type intermetallic alloy which has been routinely
investigated due to its advantageous physical properties such as high melting temperature, high
strength, and good oxidation resistance. As such, NiAl alloys have been used as a base in
superalloys for applications in, for example, corrosion resistant coatings and turbine blades [1].
Additionally, NiAl makes for an attractive and appropriate system for research on the general
phenomena in ordered alloys due to its simplistic crystallographic structure and, by natural
extension, the surface reconstructions produced from bulk termination [1]. The NiAl(100), (110)
and (111) surface terminations can be regarded as prototypical systems for studying oxide growth
and nanocluster formation in intermetallic compounds – an area of research with potential for
applications in catalysis and electronic devices [2–6]. As such, a deep understanding of the
surface structure of NiAl is imperative when considering the implications of such research.
The NiAl(100), (110) and (111) surface terminations, both clean and oxidised, have
been investigated using a variety of techniques such as Low Energy Electron Diffraction
(LEED) [4, 7, 9], Density Function Theory [10, 14] and Neutral Impact Collision Ion Scattering
Spectroscopy (NICISS) [9]. Of specific interest here is the NiAl(100) termination - the (100)
plane ideally produces alternate A–B–A–B layers of quadratically arranged pure Ni(A) or Al(B)
atoms (a0 = 2.89A˚ [8]). However, an energetically preferential reconstruction forms in an Al–
terminated c(
√
2×3√2)R45◦ regime when NiAl is annealed within a temperature range of 500 -
1000K [7,8]. A (1×1) phase can be produced either by annealing at T < 500K (Al terminated)
or at T > 1000K (Ni terminated) [7, 8]. Geometric optimisation of a defect rich NiAl(100)
surface using Density Functional Theory (DFT) has revealed the origin of the reconstruction -
concluding that there are two equally favourable defect-based atomic arrangements [10]. The
first is a structure described as Ni antisites along every third row in the (011) direction, with
corresponding vacancies in the Ni layer below - known as the ‘double defect’ surface from now
onwards. The second is a ‘single defect’ regime solely exhibiting the Ni vacancies within the
subsurface layer. The structures are shown in figure 3d) and e) respectively. The reconstruction
is, energetically, the most stable surface structure [10].
Using STM, LEED, and DFT, both phases of the NiAl(100) surface have been studied.
Presented here are new data from each stage of sample preparation in an effort to uncover how
atomic surface structure is affected by such preparation techniques, and to explain the origin of
both surface phases. NiAl has been studied as part of a larger programme looking at adsorption
and thin film structure dependence on substrate structural complexity. This will include complex
and quasicrystalline Al-based intermetallics, such as Al9Co2 and the 10-fold Al-Ni-Co.
2. Experimental Method
A NiAl(100) single crystal was polished to a mirror finish before solvent washing. A clean
surface was prepared by Ar+ sputtering for 20-30 minutes at pressures of ∼2.5×10−5 mbar,
followed by annealing at temperatures dependent on surface selection (T < 500K for (1×1), T
= 600 – 800K for reconstruction) at pressures below 5×10−10 mbar. The sputtering conditions
were chosen to remove surface and subsurface ordering. Surface cleanliness and structural
determination were verified using LEED and STM at room temperature. All bias voltages
used in STM measurements are with respect to the sample. STM simulations were completed
using CASTEP [11], employing the Perdew-Burke-Ernzerhof generalized gradient approximation
functional [12].
3. Results and Discussion
3.1. Sputtered surface
To understand the NiAl(100) surface formation and the full effect of the preparation methods, the
sputtered surface was investigated. The (1×1) diffraction pattern shown in figure 1a) (confirmed
by comparison to Cu(111)) indicates long range order across the surface, despite the heavy
sputtering treatment. Figure 1b) shows terrace formation after sputtering, with figure 1c)
showing a magnified area of a terrace. Island features are observed with an RMS roughness of
0.14 nm. Line profile analysis (labelled 1 and 2) indicates that these islands are Al-Al or Ni-Ni,
based on step heights of ∼3A˚ ('a).
Figure 1: a) LEED pattern (Ee = 50 eV) from the sputtered NiAl(100) surface, producing a (1×1) diffraction pattern b)
500×500 nm2 STM image (Vb = 2000 mV, It = 270 pA) exhibiting terraces c) 100×100 nm2 STM image (Vb = 1750 mV)
with labelled line profiles used to measure step heights of islands
Figure 2: Series of STM images taken from different annealing preparation conditions. a) 100×100nm2 STM image (Vb
= -500mV, It = 270pA) annealing temperature T = 420K, b) 100×100nm2 (Vb = 2000mV, It = 270pA), T = 470K, c)
100×100nm2 (Vb = 150mV, It = 270pA), T = 480K, d-f) show 32×32nm2 sections taken from highlighted regions in a-c)
respectively
3.2. Low temperature annealed surface
Figure 2) shows a collection of STM scans from the (1×1) NiAl(100) surface (as verified by
LEED, figure 3a)); all images are produced by annealing NiAl(100) below the reconstruction
transition temperature, 500K [9], for increasingly longer amounts of time – 2a) 20 min, b) 40 min,
c) 60 min. Terraces are formed in each procedure, although 2a) exhibits a high concentration
of large defects in addition to roughened step edges. The non-square shape of these defects
indicates either that the annealing temperature or length of annealing time was insufficient
to produce a surface in equilibrium. In all 3 scans ‘row’ structures appear in two orthogonal
directions and are highlighted by enlarged images 2d-f) – the density of these structures appears
to increase with increasing annealing time. In fact, upon annealing for a long time (over 12
hours) at T<500K, the surface reconstructs into its c(
√
2 × 3√2)R45◦ phase - indicating that
the appearance of these rows is a precursor to the formation of the reconstruction.
3.3. Reconstructed surface
Upon annealing at 500K<T<900K the NiAl(100) surface reconstructs into the aforementioned
c(
√
2 × 3√2)R45◦ regime. Figures 3a) and b) show the LEED patterns from the (1x1) and
reconstructed surface structure phases respectively. Included in figure 3c) is a LEED simulation
of the reconstruction for clarity, where two domains oriented 90◦ to each other are clearly visible.
STM data from this surface also appears to exhibit two orthogonal domains, as shown in 3f)
and highlighted by a dashed line. To the left of the line a defined row structure is observed
with separation 6.1±0.2A˚, whilst inter-atomic separation along these rows is difficult to resolve.
The domain to the right of the line again exhibits row structure, yet separation between these
rows appears to vary between ∼4.5-5.5A˚. Additionally, ordering between adjacent rows appears
to be arbitrary, as consecutive rows are shifted along their axis, causing a ‘wavy’ effect. The
possible origin of the left-hand domain has been obtained by simulating the electron density of
the double defect reconstruction as seen by an STM tip, using DFT; figure 3h). Here, the double
defect structure has been replicated over 3 atomic layers – an Al termination with Ni double
Figure 3: a) (1×1) LEED pattern (Ee = 50 eV) produced from NiAl(100) annealed at 470K, b) c(
√
2× 3√2)R45◦ LEED
pattern (Ee = 52 eV) produced from the (100) surface, annealed at 640K, c) simulated LEED pattern of the reconstruction,
where red and blue dots correspond to two orthogonal domains [13], d) double defect structure e) single defect structure
f) 15×15nm2 STM image with two clearly observable domains, g) 3.0×2.5nm2 region with proposed unit cell highlighted
h) simulated STM from double defect structure, using parameters equal to those used in the physical STM. Proposed unit
cell highlighted
defects within the top 2 layers, with a pure Al layer underneath. The virtual tip is placed ∼3A˚
from the surface, with an applied bias of 175mV (probing unoccupied states) - equal to that
used in the physical experiment. The STM simulation produced correlates with the STM data,
and can be described as the Ni density of states (DOS) dominating at the surface, producing
the defined row structure as described above. DOS calculations confirm a dominant Ni d band
within NiAl [15].
4. Conclusion
NiAl(100) surface formation under various preparation conditions has been studied. The (1×1)
surface ordering is maintained after heavy sputtering treatment, despite a morphologically rough
surface – as evidenced by LEED. Annealing the sample at T < 500K produces a (1×1) surface,
with orthogonal ‘row’ islands observed in STM – the density of which appears to increase with
annealing time. Surface reconstruction to a c(
√
2×3√2)R45◦ structure occurs after annealing at
T > ∼ 800K, which is in part attributed to a Ni based double defect structure in the subsurface,
as shown by DFT calculations. Further studies will focus on the formation of islands on the
(1×1) surface, including their part in formation of the reconstruction. In addition, the origin of
the second domain in the reconstructed surface will be explored.
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